Groups of patients with idiopathic Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy or Steele-Richardson-Olszewski syndrome, matched for overall clinical disability, were compared using three computerised cognitive tests previously shown to be sensitive to frontal lobe dysfunction. On a test of planning based on
the group with multiple system atrophy was only slower in a measure of thinking time subsequent to the first move, resembling patients with frontal lobe damage. On a test of spatial working memory, each group showed deficits relative to their matched control groups, but the three groups differed in their strategy for dealing with this task. On a test of attentional set shifting, each group was again impaired, mainly at the extradimensional shifting stage, but the group with Steele-Richardson-Olszewski syndrome exhibited the greatest deficit. The results are compared with previous findings in patients with Alzheimer's disease or frontal lobe damage. It is concluded that these basal ganglia disorders share a distinctive pattern of cognitive deficits on tests of frontal lobe dysfunction, but there are differences in the exact nature of the impairments, in comparison not only with frontal lobe damage but also with one another.
(TNeurol Neurosurg Psychiatry 1994;57:79-88)
There is now overwhelming evidence that patients with basal ganglia disorders, including those with Parkinson's disease, Huntington's disease and progressive supranuclear palsy (or the Steele-RichardsonOlszewski syndrome, SRO), can exhibit characteristic cognitive deficits.' However, the precise nature of these deficits, as well as their neural substrates, are still matters for debate. They appear to be different from those seen early in the course of Alzheimer's disease. [2] [3] [4] [5] For Parkinson's disease, some investigators have emphasised the 'frontal' or 'fronto-striatal' nature of the deficits,67 whereas others have described relatively focal neuropsychological abnormalities that occur, for example, in visuospatial function,8 and yet others have emphasised the similarities of the deficits to a syndrome of 'subcortical dementia'. 9 10 The original paper describing this syndrome was, in fact, illustrated with reports of several patients with SRO who exhibited forgetfulness, slowness of thought, changes in personality with apathy and depression, and an impaired ability to manipulate acquired knowledge. Others have also emphasised the frontal-lobe like nature of the deficits in SRO because of the failure of patients with SRO on classic tests of frontal lobe function such as the Wisconsin card sorting test and verbal fluency, as well as their tendency to exhibit frontal lobe 'signs', including enhanced grasp reflexes, motor impersistence, and utilisation behaviour."213 Indeed two of these studies '21' showed that the two groups with Parkinson's disease and SRO matched for age and severity of intellectual deterioration, were impaired on tests of frontal lobe dysfunction, the group with SRO performing worse. From these studies of basal ganglia dysfunction, it is apparent that the relationship between the cognitive deficits seen in 'subcortical dementia' and frontal lobe dysfunction has yet to be resolved.
In contrast to the extensive investigation of cognitive dysfunction in these two conditions, there has been relatively little analysis of possible intellectual deficits in other informative progressive akinetic-rigid syndromes, which include multiple system atrophy. This disease is of particular interest for, in addition to the intrinsic striatal (caudate plus putamen) pathology, damage to the nigrostriatal dopamine pathway (particularly to the caudate nucleus) is at least equal, or even greater, to 8 5 3; Parkinson's disease 14 9 1; SOR 7 Spatial working memory task In this task the subject was required to search through spatial arrays of boxes to find tokens. Importantly, once a blue token had been found within a particular box, then that box would never be used to hide another token. On each trial, the total number of blue tokens to be found corresponded to the number of boxes on the screen, as every box was used just once.
Errors were scored according to the number of occasions on which a subject returned to open a box in which a blue counter had already been found. After four practice trials with three boxes, there were four test trials with each of four, six, and finally eight, boxes.
In the present study, the three patient groups were compared in terms of the total number of errors summed across the 12 test trials. One possible strategy for completing this task is to follow a predetermined search sequence, beginning with a particular box and then returning to start each new sequence with that same box as soon as a token has been found. A previous investigation has shown that impaired performance on this task may be related to inefficient use of this particular search strategy in neurosurgical patients with frontal lobe excisions.2' The extent to which each group used this repetitive searching pattern as a strategy for approaching the problem was estimated from the number of search sequences starting with the same box, within each of the more difficult six and eight box problems. The total of these scores provided a single measure of strategy for each subject, with a high score (many sequences beginning with a different box) representing low use of the strategy and a low score (many sequences starting with the same box) representing more extensive usage.
Planning task This is a modification of the Tower of London task20 in which the subject has to move coloured 'balls' on the screen from an initial arrangement to one corresponding to the goal arrangement shown in the top half of the screen, as described in detail previously.2' 25 The starting position of the balls was varied such that in any particular trial the solution could only be reached after a minimum of two, three, four or five moves. Subjects were instructed to examine the position of the balls at the beginning of each problem and attempt to solve it in the minimum possible number of moves. This was both given to them verbally and displayed on the screen throughout each trial. They were encouraged not to make the first move until they were confident that they could execute the entire sequence needed to solve the problem. The maximum moves allowed corresponded to twice the minimum number possible plus one, or plus two in the case of 'five move' problems.
For each test problem, a 'yoked control' condition was employed to provide baseline measures of motor initiation and execution times. On each trial of this control condition, the subject was required to follow a sequence of single moves executed by the computer in the top half of the screen by moving the corresponding ball in the lower arrangement. The measurement of selection and execution latencies in this control condition provided baseline estimates of motor initiation and execution times (see2' for further details).
Attention set shifting The computerised attentional set shifting paradigm has been described in detail elsewhere.'819 Briefly, subjects are trained on a series of visual discriminations which vary in two perceptual dimensions, one of which is correct or relevant and one of which is incorrect or irrelevant, using feedback provided automatically by the computer. At critical points subjects are required first to maintain attention to different examples within the same dimension (intradimensional shift) and then to shift attention to the previously irrelevant dimension (extradimensional shift). The other stages are defined and explained in previous papers and in the Results section. For each stage, continuation to the next one was dependent on a criterion of six successive correct responses being reached. If criterion was not reached by the 50th trial of a stage, then the test was discontinued and subjects did not proceed to the following stage. More detailed explanation and rationales for the exact design of the test can be found in previously published articles.'8 19 32-34 STATISTICAL ANALYSIS For most of the dependent variables, analysis of variance was used. Data were transformed where appropriate-that is, when there was a positive skew on latency variables. For most of the test variables, the analysis of variance model was a two factor design that included a between subjects factor (group) and a within subject factor-for example, difficulty level. '5 As the group with multiple system atrophy were younger and showed a tendency towards a higher IQ than the other two patient groups, the patient groups were each compared with an appropriate age and IQ matched control group.
For the attentional set shifting task, the data for the numbers of subjects passing or failing each stage of the test were cast into contingency tables and analysed using the likelihood ratio method.3637 This method is particularly useful, firstly, for analysing data with small cell frequencies, as occurs in some of the data to be presented, and secondly, for partitioning inhomogeneities in the contingency table by additive, orthogonal contrasts. 37 The resulting 'information' statistic (2i) is distributed as X2.36
Results

SPATIAL SHORT TERM MEMORY TASK
The three patient groups were independently compared with their respective control groups in terms of the number of squares that were touched in the correct serial order. Mean values and corresponding standard errors for the six groups are shown in fig 1. One way analyses of variance showed that the groups with Parkinson's disease and SRO were significantly impaired on this measure (F (1,46) = 15-86, p < 0-001 and F(1,34) = 7-65, p < 0-01 respectively). In contrast, the patients with multiple system atrophy were not significantly impaired (F (1,30) = 2 9) compared with their matched control group.
SPATIAL WORKING MEMORY TASK
The mean total numbers of 'between search errors' made by the three patient groups and There was a highly significant difference between the group with Parkinson's disease and their controls (F (1,46) = 7-66, p < 0-01), between the group with SRO and their controls (F (1,34) = 7 49, p < 0-01) and between the group with multiple system atrophy and their controls (F(1,35) = 5-45, p < 0 05). Within search errors were at a low level and not significantly increased in any of the three groups.
The measure of strategy employed in this task was scored on a scale of 1-37, with lower scores representing more efficient use of the strategy. The best possible score of 1 was obtained when, within each of the more difficult six and eight box problems, the same box was used to initiate each search sequence. Conversely, if every search within each of the problems was started with a different box, the maximum score of 37 was obtained. The mean (SE) scores were 17-5 (074) for patients with Parkinson's disease, 20-05 (0 84) for patients with SRO, and (0.39) for those with multiple system atrophy. The relationship between the strategy score and performance on the spatial working memory task was further examined using Pearson's product moment correlation coefficient, r. In the total control group, there was a highly significant correlation between the total number of between search errors and the extent to which the strategy described above was used (r = 0 74, p < 0-001). correlation between these variE found (SRO, r = 0-56, p < 001). in the other two patient groups, the such significant correlations betwei and task performance, r = 0-46, p > 0-05, respectively). These results show that all thr groups made significantly more search errors' than their controls c of spatial working memory. In all this impairment may be related, degrees, to inefficient use of a repetitive searching strategy. Altl index of strategy was only si reduced in the group with SRO sidiary correlational analysis of its r to task performance showed clear; ties in the other two groups. Difficulty ables was number of moves above the minimum possiHowever, ble' provided a general measure of group perre were no formance at each level of difficulty. The en strategy 'proportion of problems solved in the miniand 030, mum number of moves' provided more specific information about task difficulty and its ree patient effect on the patient and control groups.
'between There were no significant differences )n this test between any of the three patient groups and three cases their respective controls in terms of the numin varying ber of moves to solution. In terms of the particular number of problems solved in the minimum hough the number of moves, only the group with SRO ignificantly differed significantly from their control group , the sub- (F (1,34) = 4-13, p < 005) . In all groups, elationship there were significant main effects of task difabnormali-ficulty, although there were no significant interactions between the task difficulty and group factors. Baseline measures of motor initiation time measures and motor execution time were extracted required to from the 12 "yoked control" trials. The The groups with SRO and multiple system atrophy were significantly slower than their controls both in terms of initial and subsequent movement time. The group with Parkinson's disease were only significantly impaired in terms of subsequent movement time (F (1,31) = 4-66, p < 005).
The movement times discussed above were used to derive estimates of planning or thinkA~ing time in the main task. Two main estimates were calculated. The initial thinking time was the interval between the presentation of the problem and the first touch of a ball, minus the corresponding motor initiation time. The subsequent thinking time was the time between the first touch of a ball and the completion of the entire problem minus the total motor execution time derived from the corresponding control problem. Because subsequent thinking time varied with the length of the problem, this measure was divided by the number The patients with Parkinson's disease and SRO were significantly slower than their controls in terms of the initial thinking time measure (F (1,42) = 5 03, p < 005 and (F(1,31) i= 507, p < 005, respectively). In both cases, there were significant main effects of task difficulty although there were no significant comparison with these two groups, the group with SRO more closely resembles the group with Parkinson's disease, although the effects on thinking accuracy did not quite reach significance for the latter.
ATTENTIONAL SET SHIFTING TEST
The incidences of subjects successfully completing each stage of the discrimination learning test are shown separately for each group in fig 5. As can be seen, 82% of the control group successfully completed the whole test, whereas the three patient groups had significantly lower success rates (55% for Parkinson's disease; 56% for multiple system atrophy; and 24% for SRO). Analysis of the contingency table of raw scores using the likelihood ratio method revealed a highly significant difference among the groups (2i = 27-70, df = 3, p < 0O001). Further analysis using orthogonal contrasts showed that the three patient groups were significantly differ-T ent from the controls (2i = 20-91, df= 1).
The three patient groups were significantly different among themselves (2i = 7-61, df = 2, p < 0.05), a result accounted for largely by the inferior performance of the group with SRO relative to the other two (2i = 6&75, df = 1, p < 0-01 0) was clearly distinct from that of the other two patient groups. In addition, although the spatial span of this group was comparable to that of the control groups for SRO and Parkinsonism, they were nevertheless worse than their own control group, although this trend did not reach significance.
The impairments in planning function found in the three patient groups were also paralleled by substantial deficits in the spatial working memory task, as shown in particular by the greatly increased numbers of between search errors, which were comparable in magnitude to those reported previously for patients with frontal lobe damage.2' Within search errors, however, which are elevated in patients with frontal lobe damage, were at a low level in each of the groups.
The spatial working memory task requires a self-ordered, well-organised search to maintain high levels of performance, which presumably depends upon executive functions such as the implementation of a searching strategy. The deficits in performance on this task in patients with frontal lobe damage have indeed been related directly to Parkinsonism has been reported previously, '8 and it is important to note that it is present even in the earliest stages of the disease, before the onset of medication, being the most sensitive of our frontal lobe tests to early in the course Parkinson's disease. 23 Moreover, the deficit appears to be ameliorated by levodopa.1834 Firstly, the performance of unmedicated, early in the course patients with Parkinson's disease is, if anything, inferior to that of patients on medication who are further in the course of the disease. 18 Secondly, withdrawal of levodopa from severely affected patients produced a selective and large deficit in performance.34 Therefore, there is clearly a dopaminergic component to performance on this task.
These results are relevant to two aspects of the present study. All of the Parkinson's patients, most of the patients with multiple system atrophy, but less than half of the patients with SRO were receiving levodopa (or bromocriptine) medication. Thus, the degree of deficit in the first two groups may have been masked to some extent. Therefore, although the deficits in this paradigm were greater in the group with SRO it is possible that they would have been less evident in comparison with unmedicated patients from the other two groups. For the group with SRO, 2/6 of the patients receiving dopaminergic medication were successful, whereas this was true for a smaller proportion (2/11) of the remaining patients not receiving medication, again consistent with some dopaminergic benefit to performance on this task.
The attentional set shifting test is also of some theoretical importance because, like the Wisconsin card sorting test,3 it is relatively insensitive to deficits early in the course of Alzheimer's disease." Therefore, it appears that this capacity is selectively impaired in patients with basal ganglia and frontal lobe dysfunction, and might be dependent on the integrity of functional neuronal loops connecting the basal ganglia with the frontal cortex. 43 It should also be emphasized that the deficits shown by our patient groups cannot easily be attributed to global intellectual deterioration. On routine clinical assessment, few of the patients with multiple system atrophy and none of the cases with Parkinson's disease showed evidence of any degree of dementia. Moreover, there was little consistent evidence of visual memory dysfunction in the group with multiple system atrophy. 25 On the other hand, Parkinsonian patients, with severe disability, do show significant decrements in most of the tests in the CANTAB visual memory battery.5 44 Therefore, it is apparent that the cognitive deficits in Parkinson's disease are broader in nature than those in multiple system atrophy, including impairments associated with cortical regions other than the frontal lobe.
In the case of the group with SRO, approximately half the patients showed a NART-WAIS-R discrepancy of 10 or more points and could be classified as having a significant degree of generalized cognitive deterioration.
However, post hoc comparisons between the two resultant subgroups failed to show any significant differences in performance on the three tests of frontal lobe function, with the exception of minimum move solutions. Therefore, it appears likely that more generalized dementia in the group with SRO is associated with a different neural substrate than the specific impairments of frontostriatal function described here.
In conclusion, all three of these basal ganglia disorders show significant cognitive impairments on tests sensitive to frontal lobe dysfunction. Overall, the gross similarity in the results of these computerised tests contrasts with the obvious clinical differences associated with these diseases, but may indicate a common and fundamental syndrome of cognitive dysfunction, a frontostriatal dementia. This is not a generalised dementia because it contrasts markedly with that seen in early Alzheimer's disease. Moreover, we have shown that there are some qualitative differences between the patterns of deficit in these basal ganglia diseases which may indicate subtle differences in underlying frontostriatal pathology.
